Inferring a realistic demographic model from genetic data is an important challenge to gain insights into the historical events during the speciation process and to detect molecular signatures of selection along genomes. Recent advances in divergence population genetics have reported that speciation in face of gene flow occurred more frequently than theoretically expected, but the approaches used did not account for genome-wide heterogeneity (GWH) in introgression rates. Here, we investigate the impact of GWH on the inference of divergence with gene flow between two cryptic species of the marine model Ciona intestinalis by analyzing polymorphism and divergence patterns in 852 protein-coding sequence loci. These morphologically similar entities are highly diverged molecular-wise, but evidence of hybridization has been reported in both laboratory and field studies. We compare various speciation models and test for GWH under the approximate Bayesian computation framework. Our results demonstrate the presence of significant extents of gene flow resulting from a recent secondary contact after >3 My of divergence in isolation. The inferred rates of introgression are relatively low, highly variable across loci and mostly unidirectional, which is consistent with the idea that numerous genetic incompatibilities have accumulated over time throughout the genomes of these highly diverged species. A genomic map of the level of gene flow identified two hotspots of introgression, that is, large genome regions of unidirectional introgression. This study clarifies the history and degree of isolation of two cryptic and partially sympatric model species and provides a methodological framework to investigate GWH at various stages of speciation process.
Introduction
The study of speciation is a pivotal topic in evolutionary biology, prompted by the question of how time-continuous evolutionary processes, such as genetic drift and natural selection, can lead to discrete genotype and phenotype units, that is, species. According to the biological species concept, the speciation process results in the development of completely isolated gene pools. Although this definition fits well with distant phylogenetic groups with complete evolution of reproductive isolation, the genomes of more closely related entities can be perceived as sieves allowing some genetic exchange, impacting the genomic variation of genealogical relationships even observed for reproductively isolated species (Patterson 2006; Hobolth et al. 2007 ). This raises questions as to the identification of diverging gene pools, the reconstruction of their demographic history, and the quantification of past and current gene flow rates.
Such questions have stimulated the emergence of divergence population genetics (Kliman et al. 2000) , which aims to disentangle the effects of gene flow from those of ancestral polymorphism on the basis of the amount of polymorphism shared by closely related species, and ultimately drawing a historical picture of their relationship. Major methodological developments have been under way to deal with this problem using summary statistic analysis (Wakeley and Hey 1997) , Monte-Carlo Markov chain methods (Nielsen and Wakeley 2001; Nielsen 2004, 2007; Becquet and Przeworski 2007) and, more recently, approximate Bayesian computation (ABC) methods (Pritchard et al. 1999; Beaumont et al. 2002; Fagundes et al. 2007; Csilléry et al. 2010 ). Because of their flexibility, ABC methods have successfully proved their potential for studying speciation through comparisons of temporal patterns of introgression (Ross-Ibarra et al. 2009 ), different scenarios leading to polyploidization (St Onge et al. 2012) and effective population size changes over time (Sjödin et al. 2012; Gattepaille et al. 2013) These methods have greatly improved our vision of the different forces shaping genome diversification during speciation (Hey and Pinho 2012) . It is nevertheless worth noting that most of them are based on models that assume a single common effective migration rate for all loci. However, it is very likely that the gene flow rate varies across loci (Harrison 1993) , in a way that depends on the stage of the speciation process (Via 2009 ). This is because, as gene pools diverge in time, Dobzhansky-Muller incompatibilities are expected to randomly accumulate and create local barriers to gene flow (Wu 2001) . Therefore, introgression rates are supposed to be homogeneously high during early stages of speciation, homogeneously zero when the speciation process is completed, and heterogeneous in between, when some but not all regions of the genome are affected by reproductive isolation factors (Barton and Bengtsson 1986) . The genome-wide heterogeneity (GWH) of introgression rates is therefore informative with respect to the position of any pair of populations or species along a continuum of divergence (Via 2009 ). Orr (1995) predicted that the rate of accumulation of incompatibilities through genetic drift is faster than linear in time, a prediction recently confirmed by experimental counts of genes related to hybrid incompatibilities in fruitflies (Matute et al. 2010 ) and tomatoes (Moyle and Nakazato 2010) .
Recent empirical studies of GWH have mainly focused on the first stages of population divergence using F ST genome scanning. This approach aims at catching speciation in flagrente delicto by identifying "genomic islands of speciation" (Turner et al. 2005; Butlin 2010) , that is, loci showing a higher level of differentiation than the average genomic region (Lawniczak et al. 2010) . Divergent ecotypes have also been studied to investigate quantitative loci associated with reproductive isolation between closely related species (Presgraves 2003; Tao et al. 2003; Masly and Presgraves 2007; Bikard et al. 2009 ). At the other end of the continuum of divergence, the study of GWH between highly differentiated gene pools, or even between species, is also of major interest. First, assessment of the level of gene flow between taxa is of major importance for species delineation and taxonomy. Second, gene flow between highly differentiated gene pools is likely to be driven by natural selection, either directional or stabilizing, which can promote local introgression even though most of the genome is unable to cross the species boundary. An analysis of GWH between divergent entities would thus likely reveal interesting adaptive processes (Bierne et al. 2003; Llopart et al. 2005; Castric et al. 2008; Kim et al. 2008; Boon et al. 2009; Whitney et al. 2010; Song et al. 2011; Heliconius Genome Consortium 2012; Pardo-Diaz et al. 2012; Gosset and Bierne 2013) . Thus, related species can exchange genes through hybrids either because these genes are exceptionnaly unlinked to barriers to gene flow in contrast to the rest of genome, or because they are part of genomic regions involved in adaptive processes as recently shown in Heliconius with colour pattern loci (Heliconius Genome Consortium 2012; Pardo-Diaz et al. 2012) . Finally, from a fundamental viewpoint, it would be useful to identify the level of sequence divergence above which introgression is definitively impossible, and to compare this threshold across various groups of organisms.
We propose to address these issues by investigating GWH between two highly divergent species for which instances of natural hybridization have been reported, namely the sea quirt (Ciona intestinalis). C. intestinalis is a self-incompatible species that serves as model system in developmental and evolutionary genomics (Holland and Gibson-Brown 2003; Bourlat et al. 2006; Delsuc et al. 2006; Dunn and Gregorio 2009) . It is the first eukaryotic marine species whose genome was completely sequenced (Dehal et al. 2002) after Takifugu rubripes (Aparicio et al. 2002) . Paradoxically, the study of species delineation and speciation in Ciona started recently, when two partially reproductively isolated types, called C. intestinalis A and C. intestinalis B, were identified (Suzuki et al. 2005) . A wide spectrum of incompatibilities has been reported between these two cryptic species, depending on the geographic origins of the crossed parents (Caputi et al. 2007 ). This advanced reproductive isolation likely results from an ancient speciation event, as shown by the high amount of mitochondrial divergence observed between C. intestinalis A and C. intestinalis B, whose common ancestor probably lived during the pliocene, 5.3 to 2.6 Ma (Nydam and Harrison 2010) . Despite elevated levels of molecular divergence and strong barriers to hybridization in the laboratory, natural cases of introgression between C. intestinalis A and C. intestinalis B have been reported in sympatric populations along the French Atlantic coast and in the English Channel (Nydam and Harrison 2011) . The origin of these mixed C. intestinalis populations is still being debated. It was recently suggested that the actual worldwide distribution of C. intestinalis is the result of human activities and worldwide boat travel (Ramsay et al. 2008; Zhan et al. 2010) . These hypotheses should be specifically tested, especially as the global spread of Ciona populations has become an ecological and economic concern (Robinson et al. 2005; Daigle and Herbinger 2009) .
Here, we took advantage of the robustness and flexibility of ABC methods (Beaumont et al. 2010 ) to quantify GWH in C. intestinalis using next-generation sequencing technology. To investigate the historical genomic relationship between the two diverging species, we analyzed patterns of polymorphism among species and populations based on individual transcriptome sequencing. This data set was analyzed with simulation-based approaches to estimate the following: 1) the best-fitting demographic model of speciation of the genomic background, 2) the joint demographic parameters shared by all loci, 3) the shape and intensity of GWH, and 4) the genomic localization of past gene flow events. Our study revealed gene flow between C. intestinalis A and C. intestinalis B in recent times, while highlighting the need to take GWH into account in ABC analyses, as its omission can lead to false conclusions about former speciation processes between diverging entities.
Results

Patterns of Polymorphism and Divergence in C. intestinalis
To investigate GWH, we obtained a polymorphism data set from individual transcriptomes resequenced in 20 sea squirt individuals, that is, 10 C. intestinalis A individuals from the Mediterranean Sea and Pacific Ocean and 10 C. intestinalis B individuals from the North Sea, the western and eastern Atlantic coasts of France and the Canadian Maritimes. We analyzed 852 loci for which polymorphism data were available in the two species, with a total alignment length of 270 kb. Levels of synonymous diversity, measured by either Watterson's W (Watterson 1975) (fig. 1A ) or (Tajima 1983 ; supplementary table S1, Supplementary Material online), were significantly different between the two Ciona species (Wilcoxon signed-rank test, V = 9,386.5, P value < 0.0001 for W ), with C. intestinalis B (average = 0.0539, standard deviation [SD] = 0.0313 for W ) being more polymorphic than C. intestinalis A (average = 0.0143, SD = 0.0108 for W ). To test whether this difference in nucleotide diversity was due to a recent demographic expansion affecting the whole range of C. intestinalis B or a severe bottleneck specific to C. intestinalis A, we calculated Tajima's D for each locus and compared the observed values with neutral expectations obtained from 1,000 coalescent simulations conditioned on the locus-specific number of segregating sites. Tajima's D multilocus (Ramos-Onsins et al. 2004) showed no departure from the standard neutral model (SNM) for both C. intestinalis A (average = À0.01939, P = 0.4902) and C. intestinalis B (average = À0.3136, P = 0.5977), even though Tajima's D was significantly more negative in C. intestinalis B than in C. intestinalis A ( fig. 1B ; Wilcoxon signed-rank test, V = 229,747, P value < 0.0001). In addition, not a single locus exhibited a significant deviation from the SNM when measured by Tajima's D, Fu and Li's F* and D*, and only R2 (Ramos-Onsins and Rozas 2002) revealed a departure from SNM for 10 loci (supplementary table S2, Supplementary Material online). These results are consistent with the hypothesis of demographic equilibrium in the two species, which is the ideal situation for studying natural selection. However, we note that this result may in part reflect the lack of power of neutrality tests in case of insufficient sampling of structured populations, as suggested by simulations. Stadler et al. (2009) demonstrated that a genome-wide departure from SNM, for instance in the case of population expansion, may be misdetected when neutrality tests are performed on pooled individuals sampled from structured populations. These effects of sampling are highly sensitive to the age of populations as well as the growth rate, that is, intraspecific parameters that require larger samples to be investigated. The number of substitutions per synonymous site between these species ( fig. 1C ; average = 0.1444, SD = 0.0721) was very close to previous estimates reported for mitochondrial DNA (Nydam and Harrison 2010) , and thus confirming the strong species differentiation measured by F ST ( fig. 1D ; average = 0.6870, SD = 0.1555). Although some trans-specific polymorphism segregated at 282 loci out of 852 ( fig. 2) , the two species were well separated by the first factorial axis, even in the European populations that are now in contact in the English Channel (supplementary fig. S1 , Supplementary Material online).
Strong Statistical Support for GWH during a Secondary Contact
The shared polymorphism that was noted could be explained by incomplete lineage sorting (Clark 1997 ), secondary introgression, or both, with introgression being either homogeneous or heterogeneous across loci. We used a model-selection approach to identify a relevant speciation model in an ABC framework. We performed coalescent simulations under various models to compute the expected distributions of summary statistics related to polymorphism and divergence patterns ( fig. 3 ). Then, we compared the simulated statistics with the observed ones calculated from the data.
We considered three models involving migration: constant migration (CM), ancient migration (AM), and secondary contact (SC). Within each model, GWH was tested by the comparison of two alternative introgression versions assuming either a single introgression rate shared by all loci (Homo), or independently sampled introgression rates across loci (Hetero). In all three cases, the Hetero version clearly fitted our data set better than the Homo version, as supported by the high relative probability that Hetero was the correct version given our observed posterior probabilities (table 1) . We conducted a simulation analysis to assess the robustness and power of this approach (supplementary fig. S2 , Supplementary Material online). One thousand pseudo-observed data sets were simulated under each of the six earlierdescribed migration models and subjected to our ABC-based Homo vs. Hetero analysis. Similar to the analysis of the observed data set, we allowed the strength of GWH measured by the variance of the Beta distribution to range from 2.5 Â 10 À5 to 0.25 among the Hetero versions. For the two models that allowed ongoing migration (CM and SC), the percentage of correct assignation was 100% for both the Homo and Hetero alternative versions. When migration events were assumed to be restricted to the early speciation stages (AM), our approach correctly supported the Homo version in 92.8% of the 1,000 pseudo-observed Homo data sets, and the Hetero version in 87% of the 1,000 pseudoobserved Hetero data sets (supplementary fig. S2 , Supplementary Material online). ABC therefore appears to be a robust approach to gain insight into the degree of variation in introgression rates between two genomes.
We then tested the various hypotheses regarding the history of gene flow between C. intestinalis A and C. intestinalis B by independent comparisons of the Hetero versions of AM, CM, and SC models against the strict isolation (SI) model (table 2) . Although the posterior probability of SI (0.7534) was greater than AM (0.2466), the two CM and SC models with ongoing migration outperformed SI with a posterior probability of 0.9998 for each of them. The support for 
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Crossing the Species Barrier . doi:10.1093/molbev/mst066 MBE models with ongoing migration was robust to differences in the number of parameters and in the variance of the simulated statistics, as indicated by a probability to reject SI given our observations of P(SI) = 0.0002 equal to one in both comparisons.
We finally investigated the chronology of migration by comparing CM-Hetero with SC-Hetero models (table 2) in the same methodological framework. SC-Hetero better fitted our data set than CM-Hetero, with a highly significant posterior probability of 0.9984, suggesting that the two taxa had experienced a period of complete isolation followed by an SC. To ensure us that our analysis was not biased by a possible linkage between loci, our model-selection procedure was repeated three times using 85 randomly chosen loci (&10% of the original data set). The SC-Hetero model was supported in all three replicates.
Interestingly, the statistical support for ongoing migration would have been overlooked if GWH had not been considered. When only the Homo versions of our migration models were pairwise compared to the SI model, we observed a strong rejection of CM ( Thus, taking the variance in the introgression rate across loci into account in our best-fit procedure seems essential for a suitable assessment of the demographic history of these two taxa. The risk of neglecting these effects would lead to contradictory conclusions about the mode of speciation tested through a pair of related species.
Inference of Historical Parameters under the SC-Hetero Model
We examined parameter estimates under the best-fitting SC-Hetero model of C. intestinalis A/B divergence. The posterior distributions of parameters built from 2,000 accepted simulations were highly differentiated from their prior distributions, suggesting that the data offer adequate information, and that we appropriately explored the parameter space ( fig. 4) . In this analysis, the mutation rate was assumed to be constant over time and across loci, and equal to 1 Â 10 À8 / bp/year as recently estimated (Tsagkogeorga et al. 2012) . Estimates of the effective population sizes suggest an approximately 3.75-fold larger population in C. intestinalis B (883,000, 95% confidence interval [CI] : 748,000-1,022,000) than in C. intestinalis A (235,000, 95% CI: 115,000-395,000). Our analysis also suggests that both daughter populations were smaller than the ancestral one (2,000,000, 95% CI: 1,606,000-2,220,000). Regarding the timing, our estimations indicate that the split in the ancestral C. intestionalis population probably occurred between 2.7 and 5.5 Ma (point estimate: 3.76 Ma). Subsequent to this ancestral divergence, the two C. intestinalis species would have evolved separately over a long period until a recent SC occurred 15,500 years ago (95% CI: 4,300-56,800).
We then investigated the predicted distributions of introgression rates from C. intestinalis B into A (M A = 4N A m A ) and from C. intestinalis A into B (M B = 4N B m B ) throughout the genomes, based on 2 Â 10 6 random sampling from 2,000 accepted simulations assuming free recombination between loci, with GWH being modeled by two joint Beta distributions in our ABC analysis. Both intragenomic distributions were leptokurtic and the inferred medians for M A (0.079) and M B (0.05) were in the same order of magnitude ( fig. 5 ). The proportion of loci with an expected effective migration rate under the value of one (considered as a limit to differentiation [Templeton 2006 ]) was 92% and 90% for M A and M B , respectively. The effective gene flow was predicted to vary slightly more across loci into C. intestinalis B (95% of the genomic distribution was between 0 and 6.6074) than into C. intestinalis A (95% of the genomic distribution was between 0 and 2.4272). We then compared observed and simulated summary statistics under a goodness-of-fit procedure from the joint-posterior distribution, and found that our estimated SCHetero model fitted well to the data (supplementary fig. S3 , Supplementary Material online) with the exception of two statistics related to Tajima's D, which slightly departed from the expectations in C. intestinalis B.
Genomic Hotspots of Gene Flow
We finally tested introgression locus by locus by comparing different migration models, that is, a complete isolation model (M0 with M A = M B = 0), models allowing migration . A preliminary analysis using simulated pseudo-observed loci revealed that this approach was straightforward for detecting the presence of introgression as well as its absence, although it was slightly more difficult to distinguish between the three models with ongoing migration M1, M2, and M3 (supplementary fig. S4 , Supplementary Material online).
In line with the multilocus estimated introgression rate distribution, the locus-specific analysis pointed to the existence of a strong barrier to gene flow, with a majority of loci (&79%) being associated with the M0 model. Nonetheless, we found slight differences with the multilocus analysis concerning the introgression symmetry. The proportion of loci supporting the M1 model (&10.5%) was similar to the proportion of loci best supported by the M2 model (&10%), and only a small number of loci supported the M3 model (&0.5%). All loci showing no fixed differences were associated with models M1, M2, or M3, and 97% of the 570 loci showing no shared polymorphism were associated with model M0, suggesting that the observed shared polymorphism resulted from genetic exchanges between the two C. intestinalis species, not from the retention of ancestral polymorphism.
Finally, the existence of genomic hotspots of introgression was investigated by building a genomic map from the physical genome of the analysed loci for regions of reduced prevalence of the M0 model using a sliding-window strategy and permutation tests. Each overlapping window contained five successive contigs. We excluded windows containing two contigs more distant than 150 kb. Four genomic regions enriched in introgressed loci were thus detected on chromosomes 1, 2, 5, and 10. The hotspot on chromosome 1 contained six sequenced loci supported by model M2, thus indicating introgression from C. intestinalis A into C. intestinalis B. The one on chromosome 2 contained four sequenced loci supported by M1, plus one symmetric locus. We called "genomic hotspots of introgression" as the regions enriched in loci crossing the species barrier in one direction. The two other regions include a mixture of loci introgressing both ways, containing four and three adjacent loci on chromosomes 5 and 10, respectively. We thus inferred that &11% of the loci that show evidence of migration is located within the four detected hotspots of introgression. The list of genes located within these detected hotspots of introgression is given as supplementary material (supplementary table S5 , Supplementary Material online) as well as their functional annotation (propagated from human orthologs, when available). 
Discussion
The prevalence of gene flow between differentiated species has been fully recognized as an evolutionary force contributing to the diversity of plants (Soltis and Soltis 2009 ), vertebrates (Brumfield et al. 2001; Helbig et al. 2001; Won and Hey 2005; Carling and Brumfield 2008) , invertebrates (Cianchi et al. 2003; Mullen et al. 2008) , and fungal systems (Gladieux et al. 2008 (Gladieux et al. , 2011 , but its role in evolution is still matter of debate (Arnold 2004; Barton 2001 Barton , 2013 Abbott et al. 2013) . The fate of an allele introgressing into a new gene pool is known to be highly dependent on the nature and strength of natural selection acting on its genomic neighbourhood. The indirect effects of selection at linked loci presumably explain the variation in introgression rate among genomic regions-from strong barriers to gene flow in the neighbourhood of barrier loci (so-called genomic islands of differentiation) to basal gene flow in regions devoid of barriers and maximal gene flow at, and around, adaptively introgressed loci. In demographic studies, genomic heterogeneity in introgression rates is typically seen as being a confounding factor, not a relevant biological parameter. Here, by considering a distribution of the indirect effects of natural selection on the effective migration rate, across C. intestinalis A and B genomes when analyzing polymorphism and divergence patterns, we gained insight into numerous aspects of the demographic history of these taxa.
Population Genomics of C. intestinalis Divergence
The observed molecular data are best explained by a speciation event which occurred &3.8 Ma, confirming the suggestion made by Nydam and Harrison (2007) , based on a molecular clock approach, of a common ancestor to C. intestinalis A and B living during the Pliocene (from 5.332 to 2.588 Ma). Knowlton et al. (1993) and Knowlton and Weigt (1998) proposed that a pulse of speciation events occurred in shallow-water species during this period, which corresponds to the time of complete closure of the connection between the Western-Atlantic and Eastern-Pacific oceans by the Isthmus of Panama, 3-3.5 Ma. The geographical isolation of species on each side of the isthmus was associated with reproductive isolation in several shallow-water species of temperate oceans (Lessios 2008) , even though this geological event alone does not appear to explain all of the reported cases of speciation in that geographic area (Hurt et al. 2009 ). Thus, we speculate that the closure of the Isthmus of Panama might be the cause of the initial split between the Pacific (A) and Atlantic (B) lineages of C. intestinalis, even though we obviously have no direct proof for this scenario. Our ABC-based comparison of models strongly supports the existence of a recent contact between the two C. intestinalis species, after a long divergence period in complete isolation. It is worth stressing that this recent gene flow episode is overlooked by models assuming a constant effective migration rate across loci, the Homo versions of our demographic models are equivocal regarding the existence of an SC between the two species. We draw the following genomic picture of ongoing introgression: 1) a minority of loci (&20%) crossed the species barrier, as shown by locus-specific model comparisons; 2) almost all of the introgressing loci (&99%) experienced unidirectional allele exchange, with a similar number of loci introgressing from species B into species A than from species A into species B; 3) introgression rates are very low, with a median of 0.079 from B into A, and 0.05 from A into B.
According to our Hetero-SC model, the SC would have started approximately 15,000 years before present. At this time, the world climate was warming after the last glacial maximum, which resulted in the retreat of ice sheets and major changes in the circulation of oceanic currents (Hu et al. 2010) , presumably impacting the demographic history and geographic range of species (Hewitt 2000) . Regardless of the exact cause of the SC, our model suggests that natural hybridization between C. intestinalis A and B occurred before human activities began to substantially perturb the range and dispersal of the various C. intestinalis entities (Lambert and Lambert 1998; Ramsay et al. 2008) . Importantly, the principal component analysis indicated that the three C. intestinalis B populations that were sampled are genetically equally distant from C. intestinalis A, irrespective of their geographic proximity to current C. intestinalis A populations. This result is consistent with the hypothesis that the gene flow from A to B that we detected occurred long enough in the past to spread across the whole range of C. intestinalis B.
It seems surprising that the two gene pools have remained in complete isolation for >3 My, as supported by our analysis, even though the potential for hybridization and genetic exchange has been preserved until present day. This scenario seems to require a situation of uninterrupted allopatry between the two entities, suggesting that the geographic distribution of the two species during the Pleistocene differed from the current one. Note also that species A and B might not be the only players in the C. intestinalis system. Two divergent genetic lineages were recently identified in the Mediterranean Sea (Zhan et al. 2010) . These taxa, and possibly additional undescribed or extinct ones (as there are almost no fossil records on these soft-bodied animals), may have occupied larger oceanic areas over the last 3 My, and we did not evaluate the possible effects of gene flow from these additionnal Ciona lineages on our demographic inferences.
We acknowledge, finally, that the set of models explored in this study does not cover the entire range of potential divergence scenarios, a general caveat of divergence population genetics. One could imagine, for instance, that C. intestinalis A and B species experienced a series of brief episodes of contact, at various time points during their divergence. Our SC model provided a reasonable fit to the data and is strongly preferred as compared with complete isolation, continuous migration, and AM, but it clearly does not provide a definitive picture of the history of the taxa considered.
Crossing the Species Barrier
The two species analyzed in this study showed an average of 14.4% synonymous sequence divergence. This is equivalent to the divergence between humans and marmosets (Perelman et al. 2011) . Although detecting significant amounts of gene flow between so differentiated gene pools was unexpected, previous empirical and field studies have nevertheless shown that inter-specific crosses yield some viable F1 offsprings (Suzuki et al. 2005; Caputi et al. 2007; Sato et al. 2012 ). In the light of these observations, the genome-wide barrier to gene flow we infer may seem paradoxical. However, we suggest that the two results 1) do not concern the same time scale and 2) are consistent with the dominance theory of postzygotic isolation Orr 1995, 2000) . If the barriers to gene flow were mostly due to recessive Dobzhansky-Muller incompatibilities, then viable hybrids are expected to occur after one generation of crossing, whereas the expression of recessive mutations in subsequent generations of hybridization (F2, backcrosses) should prevent the long-term establishment of gene flow and introgression between the two gene pools. The investigation of the genetic basis of postzygotic isolation between two species of marine mussels, other ocean-dwelling broadcast spawners, with a shorter period of isolation (1-2 Ma), have corroborated the existence of a high number of recessive Dobzhansky-Muller substitutions scattered in the genome and able to impose a strong and genome-wide barrier to gene flow (Bierne et al. 2006) . C. intestinalis therefore proves to be an ideal model for studying the introgression process in the terminal stage of speciation and to determine the extent to which these events are favored by natural selection. The inferred introgression rate distribution between the two C. intestinalis genomes (both ways) was highly leptokurtic, as expected in the final stages of evolutionary divergence, after the build-up of numerous barriers to gene flow throughout the genome. Our analysis suggests that introgression concerned isolated scattered loci, as well as two unidirectional hotspots, characterized by an unexpectedly high number of loci exchanging alleles in one way.
This raises the question of the evolutionary forces driving introgression in these different genomic regions. Under a pure Dobzhansky-Muller model of incompatibility accumulation, genomic hotspots of introgression might result from a depletion of barrier loci and/or a high rate of recombination locally on the chromosome. Giant genomic islands of differentiation (or "continents," Michel et al. 2010) would affect most of the genome while introgression would proceed only in the few remaining genome regions devoid of any barrier loci. Under this hypothesis, however, it is unclear whether introgression should be symmetrical or if it could be unidirectional as we observed. Alternatively, a number of recent studies have shown that natural selection can enhance introgression in large genomic regions, estimated to be around &60 kb in length in Arabidopsis (Castric et al. 2008; Goubet et al. 2012) , &100 kb in Heliconius (Heliconius Genome Consortium 2012; Pardo-Diaz et al. 2012) , and &5 Mb in Neurospora (Sun et al. 2012) . High resolution data sets focusing on the detected hotspots would be required to discriminate between these two hypotheses in C. intestinalis and elucidate the evolutionary forces at work (Bierne 2010) . Determining the extent and cause of introgression is a major evolutionary biology issue as it is still not understood whether adaptive introgression is a spectacular illustration of adaptation in a structured population but of little evolutionary relevance (Barton 2013) , or whether it could really be a source of evolutionary novelties and big adaptive jumps (Mallet 2007; Abbott et al. 2013) .
To gain insight into the impact of natural selection on introgression, a candidate gene approach could be adopted by focusing on genomic regions linked to loci undergoing adaptation (Whitney et al. 2006; Boon et al. 2009 ) or negative frequency-dependent selection (Schierup et al. 2000) , and comparing the estimated introgression rates with the genomic average, or the genomic distribution. In Ciona, the two loci responsible for self-incompatibility (Harada et al. 2008) are good candidates for a locally elevated introgression ratean allele that would enter a genetic pool in which it was so farpreviously absent would be strongly favored by negative frequency-dependent selection. Roux et al. (2012) , however, suggest that even moderate recombination rates are sufficient to break the linkage between a self-incompatibility locus and neighboring regions. Assessing the influence of natural selection on introgression in C. intestinalis self-incompatibility loci would therefore require sequencing of DNA fragments in close proximity to (i.e., a few kilobases away from) the targeted S-loci. In the data set analyzed here, the locus closest to a self-incompatibility locus was located 11.5 kb away from the S-locus on chromosome 7 while showing no specific introgression pattern.
Finally, one might ask whether the existence of interspecific gene flow contributes to the very high morphological similarity between C. intestinalis A and B, and more generally between the many cryptic species that have recently been discovered (Bickford et al. 2007 ). Stabilizing selection and/or convergent evolution of morphological traits could possibly explain why two distant populations do not exhibit any detectable morphological differences. We noted, however, that C. intestinalis A and B had presumably evolved in spatiotemporally variable environments over the last 3-4 My. Alternatively, the lack of morphological divergence between the A and B species might have resulted, at least in part, from the introgression of a large number of unlinked loci, each with relatively minor effects on morphology (Liu et al. 2012) .
In summary, we show that taking into account the realistic genomic heterogeneity of introgression rates is of prime importance in demographic analysis. The risk of overlooking variations in indirect effects of natural selection on loci is that an inappropriate biological speciation model may be supported, ultimately biasing inferences of selective pressures in the species under study. We also showed that two species can produce viable hybrids despite a genomic fraction that introgressed in one direction approximating only 10%. Similar investigations on other biological models will allow us to quantify how common is this observation. Our data also allowed us to analyze an important aspect of speciation, the shape of GWH in an extreme speciation stage between two highly divergent species. Future investigations could also be conducted on numerous pairs of taxa showing variable levels of divergence to ultimately highlight the speciation process with respect to the relationship between molecular divergence and the strength of barriers to gene flow (Feder et al. 2012 ),
Material and Methods
Sampling and Sequencing
For C. Intestinalis A, we sampled 10 adult individuals from three natural populations (supplementary table S6 , Supplementary Material online), two European, France (Etang de Thau: N = 4), and Spain (Barcelona: N = 3), and one population from the west coast of United States in California (Santa Barbara: N = 3). For C. Intestinalis B, we used the RNA-Seq data previously generated by (Tsagkogeorga et al. 2012) , including 10 illumina-sequenced transcriptomes from individuals sampled in Canada (Nova Scotia: N = 3) and Norway (Bergen: N = 5). We also included individuals from the current sympatric zone in France (Concarneau: N = 2). Total RNA extractions were performed from pooled fresh tissues of gonads and muscles for each individual, using the RNeasyPlus Kit (Qiagen, Chatsworth, CA) and purification over spin columns following (Gayral et al. 2011) . GATC Biotech conducted the cDNA library preparation, the tagging and sequencing of all samples on a Genome Analyzer II, according to standard Illumina protocols (Illumina, Inc.).
Mapping and Data Set Assembly
The in silico approach described in (Tsagkogeorga et al. 2012) was followed for annotating the RNA-Seq data for C. intestinalis A. In brief, we characterized the 10 novel transcriptomes by direct read mapping to the reference transcriptome of C. intestinalis, downloaded from Ensembl (http://www. ensembl.org/, last accessed April 23, 2013), using BurrowsWheeler alignment tool (Li and Durbin 2009) . The identified transcripts were next filtered based on the average sequencing depth and their expression across individuals. Coding sequence alignments were finally built upon a subset of 1,602 previously assembled orthologous protein-coding gene data sets for C. interstinalis A and B (Tsagkogeorga et al. 2012) . Here, loci that were expressed in at least four individuals C. intestinalis A and four C. intestinalis B at a minimum 10Â coverage were selected for further analysis.
Data Analysis
We restricted our analysis to contigs successfully assembled in at least four diploid individuals belonging to both Ciona species and longer than 35 codons after exclusion of codons containing indels and exclusion of positions containing more than two segregating alleles. For each locus, we computed an array of statistics related to polymorphism and divergence at synonymous sites: nucleotide (Tajima 1983 ), Watterson's W (Watterson 1975) , F ST (estimated as 1 À S/T, where S is the mean pairwise diversity for both species and T is the pairwise diversity calculated from the total alignment), Tajima's D (Tajima 1989) , Fu and Li's D* and F* (Fu and Li 1993) , R2 (Ramos-Onsins and Rozas 2002), total interspecific divergence, net interspecific divergence, the number of biallelic positions exclusively polymorphic in C. intestinalis A (SxA), in C. intestinalis B (SxB) or shared by both species (Ss), and the number of fixed differences between C. intestinalis A and C. intestinalis B. This set of summary statistics does not rely on genotype phasing, and has been widely used in the past for demographic inference (Wakeley and Hey 1997; Becquet and Przeworski 2007; Fagundes et al. 2007; Ross-Ibarra et al. 2008; Roux et al. 2011) . Locus-specific tests of neutrality were performed by contrasting the observed values to neutral distributions obtained after 1,000 coalescent simulations conditioned on the locus-specific number of segregating sites (Ramos-Onsins et al. 2004; Ramírez-Soriano et al. 2008) . Neutral samples were simulated under a Wright-Fisher demographic model, assuming a panmictic population of constant size.
ABC Analysis
Coalescent Simulation
To investigate the demographic history between C. intestinalis A and C. intestinalis B, we compared four speciation models using an ABC framework (Tavaré et al. 1997; Beaumont et al. 2002) , all the tools used to simulate models as well as the command lines are available on the website http://www. abcgwh.sitew.ch (last accessed April 23, 2013) . Among these models, three assume a nonzero rate of allele exchange through migration events at different timescales (continuous migration, AM and SC; fig. 3 ), the fourth model is the standard SI model. All models consider an instantaneous split of the ancestral population of effective size Nanc into two daughter populations of independent constant sizes N A and N B . In the CM model, introgression is assumed to occur continuously over time from the ancestral split to present. In the AM model, migration is restricted to early times of speciation. In the SC model, migration occurs after an initial period of SI between the two daughter species. For the CM, AM, and SC models, we used the scaled effective migration rates M = 4Nm (M A is the effective migration rate from C. intestinalis B to C. intestinalis A, and M B is the effective migration rate from C. intestinalis A to C. intestinalis B), where m is the fraction of a population which is made up of effective migrants from the other population at each generation. To statistically evaluate the relative importance of GWH in our observed data set, we compared the two alternative models, that is, "homo" and "hetero," within the CM, AM, and SC models: in the "homo" version, all loci shared the same effective migration rate m, whereas in the "hetero" version, the m values varied among loci.
For each model, we simulated 8 Â 10 6 multilocus data sets, each composed of 852 loci fitting the length and sampling size of the 852 observed loci. We used large uniform prior distributions for all parameters common to all models after pre-evaluating the relevance of the chosen prior-model combinations according to Cornuet et al. (2010) /bp/generation. This rate was estimated in a phylogenetic study of the tunicate versus vertebrate substitution rate (Tsagkogeorga et al. 2012 ). We also integrated intralocus recombination at a rate of 0.7 Â 10 À8 /bp/generation as estimated (Haubold et al. 2010) . The prior distribution for anc / ref was uniform over the 0-70 interval. The T split /(4N ref ) ratio was sampled from the interval 0-70 generations, conditioning the parameters T AM and T SC to be uniformly chosen within the 0-T split interval. For the three alternative speciation models with homogeneous migration, a single effective migration rate shared by all loci but different for M A and M B was sampled from the uniform distribution 0-15. For the alternative "hetero" models, heterogeneity in effective migration rates among loci was generated by independent samplings among loci from a shared Beta distribution shaped by two parameters, that is, "a" (randomly chosen in 0-20) and "b" (randomly chosen in 0-200). As the Beta distribution is merely defined on 0-1, we used a multiplier scalar "c" randomly chosen in the uniform 0-15 once per multilocus simulation to rescale the genomic distribution of introgression rates between 0 and "c". More precisely, we assume that the Beta distribution shaping m/s (where m is the migration rate and s the selection coefficient of migrant alleles) only reflects genomic variation in s, although we do not know whether selection directly acts at the sequenced loci. Such variation in direct or indirect selection effects can be approximated by coalescent-based simulations modeling variation in effective migration (Barton and Bengtsson 1986) . Prior distributions were computed using a modified version of Priorgen software (Ross-Ibarra et al. 2008) , and coalescent simulations were run using Msnsam (RossIbarra et al. 2008 ), a modified version of the Ms program (Hudson 2002) , allowing variations in sample size among loci under an infinite site mutation model.
Model Selection
We statistically evaluated alternative speciation models by a hierarchical procedure (Fagundes et al. 2007 ). First, for each of the CM, AM, and SC models, we evaluated the posterior probabilities of the two alternative Homo and Hetero versions. Second, we separately compared the best version of each of the three models with SI. Finally, we compared the best-supported versions of the three migration models. Posterior probabilities for each candidate model were estimated using a feed-forward neural network implementing a nonlinear multivariate regression by considering the model itself as an additional parameter to be inferred under the ABC framework using the R package "abc" (Csillery et al. 2012 ). The 0.025% replicate simulations nearest to the observed values for the summary statistics were selected, and these were weighted by an Epanechnikov kernel that peaks when S obs = S sim . Computations were performed using 50 trained neural networks and 10 hidden networks in the regression.
Models were checked through an analysis of 1,000 pseudoobserved data sets simulated for each compared model, using random parameter values from the same prior distributions as the analysis performed on the observed data set. For each pairwise model comparison, we applied the earlier-described model choice procedure to compute the posterior probabilities of the pseudo-observed data set given a model. The relative probability distributions over the 1,000 replicates were then used to compute the probabilities that the best supported models are correct given the posterior probabilities obtained for the observed data set (Fagundes et al. 2007; Cornuet et al. 2008) .
Parameter Estimation
Posterior distributions of the parameters describing the best model were estimated using a nonlinear regression procedure. Parameters were first transformed according to a log-tangent transformation (Hamilton et al. 2005) . Only the 2,000 replicate simulations providing the smallest associated Euclidean distance = jjS obs À S sim jj were considered. Then the joint posterior parameter distribution was obtained by means of weighted nonlinear multivariate regressions of the parameters on the summary statistics. For each regression, 50 feed-forward neural networks and 20 hidden networks were trained using the R package "abc" (Csillery et al. 2012 ).
Locus-Specific Model Testing
To gain insight into introgression at the locus scale, we investigated the best-fitting introgression model for each of the 852 surveyed contigs. Four alternative models were first simulated 1.5 Â 10 6 times per contig using parameter values sampled in the joint-posterior distribution for the five parameters common to all loci (N A , N B , N anc , T split , and T SC ) obtained after ABC analysis of the observed data set. Then, we compared these four models in three successive steps: 1) comparison between M0 (M A = M B = 0) and M3 (M A and M B in 0-15); 2) comparison between the best-supported model in the previous step and M2 (M A in 0-15, M B = 0); and 3) comparison between the best-supported model in the previous step and M1 (M B in 0-15, M A = 0). The power of this approach was assessed by a simulation analysis of 1,000 pseudo-observed data sets generated under the four different migration models considered in this study.
Sliding-Window Analysis
We used a sliding-window approach to analyze local impoverishment in sequenced loci inferred as M0. The sliding window was wide of five successive loci, and shifted by one locus along chromosomes. To exclude unrealisticaly large windows due to heterogeneity in genomic distribution of sequenced loci, we rejected windows containing two successive loci more distant than an arbitraty threshold of 150 kb. We defined a window as significantly enriched in introgressed loci if at least three nonM0 loci were found inside as shown after 10,000 permutations (supplementary fig. S5 , Supplementary Material online).
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